Abstract Background and aims: Several genes have been shown to individually affect plasma lipoprotein metabolism in humans. Studies on geneegene interactions could offer more insight into how genes affect lipid metabolism and may be useful in predicting lipid concentrations. We tested for geneegene interactions between TaqIB SNP in the cholesterol ester transfer protein (CETP) and three novel single nucleotide polymorphisms (SNPs), namely rs11774572, rs7819412 and rs6995374 for their effect on metabolic syndrome (MetS) components and related traits.
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Methods and results:
The aforementioned SNPs were genotyped in 1002 subjects who participated in the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) study. Lipids were measured by standard procedures and lipoprotein subfractions, by proton nuclear magnetic resonance spectroscopy. Polymorphism rs11774572 was significantly associated with MetS (P Z 0.020), mainly driven by the association of the C allele with lower HDL-C (P Z 0.043)
Introduction
Dyslipidemia, insulin resistance, abdominal obesity and hypertension form a cluster of risk factors that characterize the metabolic syndrome (MetS) [1] . As a multifactorial disease, the etiology of MetS involves a genetic susceptibility, environmental influences, as well as their interaction [2, 3] . Many single nucleotide polymorphisms (SNPs) in candidate genes have been associated with MetS [2] ; however, the results have not been consistent, and initial positive findings have usually failed replication [4] . Several reasons have been put forward to explain these inconsistencies [5, 6] including: (1) the analysis of a very limited number of SNPs at a single locus; (2) the failure to account for geneeenvironment interactions; and (3) the lack of simultaneous information about multiple loci involved in the same metabolic pathway. Moreover, the study of geneegene interactions may be useful in providing mechanistic insights into novel loci associated with plasma lipid concentrations.
Recently, a number of genome-wide association (GWA) studies have identified novel polymorphisms associated with lipid phenotypes but located in or near loci with no known effect on lipid metabolism [7] . This is the case for SNPs rs117744572, rs7819412, and rs6995374 located on human chromosome 8p23, a region that has been linked repeatedly with lipid abnormalities [8] and with early onset of coronary heart disease (CHD) in a French Canadian population [9] . These novel polymorphisms are located near the B-cell lymphocyte kinase (BLK ) (rs11774572), the kell blood group complex subunit-related family member 6 (XKR6) (rs7819412), and the methionine sulfoxide reductase A (MSRA) (rs6995374) genes. Although these genes function in lymphocytes and red blood cells differentiation (BLK and XKR6) [10, 11] and oxidative stress and aging (MSRA) [12] , the underlying mechanisms and metabolic pathways affected by these SNPs and the links to lipid values and other components of MetS remain unknown.
Low HDL-cholesterol (HDL-C) and high triglyceride (TG) concentrations are the hallmarks of the dyslipidemia associated with MetS. The cholesteryl ester transfer protein (CETP) facilitates the exchange of cholesteryl esters from HDL or LDL into TG-rich lipoproteins, resulting in lower HDL-C concentrations and LDL particles of smaller size. This cholesteryl ester transfer process plays a pivotal role in the reverse cholesterol transport (RCT), whereby cholesterol is transported from peripheral cells back to the liver for metabolism and excretion in the bile. Importantly, the CETP gene is a major determinant of HDL-C variability in the general population [13] . Among several polymorphisms described in the CETP gene, the TaqIB polymorphism is the variant that has been most firmly associated with HDL-C concentrations in several populations. This polymorphism, at nucleotide 279 in the first intron of the CETP gene, is characterized by an altered recognition site for the restriction endonuclease TaqI. The B2 allele (absence of the TaqI restriction site) has been consistently associated with increased HDL-C concentrations, and variations in HDL and LDL lipoprotein subfractions [13e17]. Moreover, this TaqIB polymorphism recently has been related to MetS risk, implicating novel functions of the CETP gene [14] .
The aims of the present study were first to assess the impact of novel intergenic polymorphisms first identified by GWA (rs11774572, rs7819412 and rs6995374) and the CETPTaqIB on lipoprotein levels and MetS-related phenotypes. Secondly, we investigated whether there was evidence for an interaction between these novel polymorphisms and the CETP-TaqIB polymorphism in determining lipid concentrations and particle size.
Methods Participants
In the present study, 1002 participants (482 men/520 women, age 49 AE 16 years) from the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) study were enrolled. Participants were recruited from three-generational pedigrees from two National Heart, Lung, and Blood Institute Family Heart Study field centers (Minneapolis, MN and Salt Lake City, UT) [18] . The study population was homogeneous regarding ethnic background, all being of Caucasian origin. The detailed design and methodology of the study have been described [19] . The protocol was approved by the Institutional Review Boards at the University of Alabama, the University of Minnesota, the University of Utah, and Tufts University. Written informed consent was obtained from each participant.
Data collection
Clinical examinations at the baseline visit included anthropometrical and blood pressure (BP) measurements.
Weight was measured with a beam balance and height with fixed stadiometer. BMI was calculated as weight in kilograms divided by the square of height in meters. Waist circumference was measured at the umbilicus. BP was measured twice with an oscillometric device (Dinamap Pro Series 100, GE Medical Systems) while subjects were seated and had rested for 5 min. Reported systolic and diastolic BP values were the mean of two measurements. Questionnaires were administered to assess demographic information, and medical and medication history. Physical activity was expressed as metabolic equivalent task (MET) hours based on self-reported types and durations of activities over a period of 24 h.
Laboratory methods
Blood samples were drawn after fasting overnight. Lipid measurements have been previously described [19] . Glucose was measured using the method of a hexokinasemediated reaction and total cholesterol using a cholesterol esterase cholesterol oxidase reaction on a Hitachi 911 autoanalyzer (Roche Diagnostics). Fasting plasma insulin was measured by specific radioimmunoassay kits (Linco Research). Lipoprotein particle concentrations and size were measured in 996 subjects by proton nuclear magnetic resonance spectroscopy [20] . Data were obtained from the measured amplitudes of the spectroscopically distinct lipid methyl group nuclear magnetic resonance signals [15] .
Genetic analyses
DNA was extracted from blood samples and purified using commercial Puregene reagents (Gentra Systems) following the manufacturer's instructions. Three SNPs located on human chromosome 8p23 (rs11774572, rs7819412, rs6995374), and the CETP-TaqIB polymorphism (rs708272, G > A), on human chromosome 16q21 were selected for the study. Genotyping was performed using a TaqMan â assay with allele-specific probes on the ABIPrism 7900 HT Sequence Detection System (Applied Biosystems) according to routine laboratory protocols [21] . The ABI assay-on-demand identification for the aforementioned SNPs were C__31455998_10 (rs11774572), C__30011529_10 (rs7819412), C__11589038_10 (rs6995374), and C___9615318_10 (rs708272), respectively. Analysis showed that none of these three SNPs is in linkage disequilibrium with CETP-TaqIB variant.
Statistical analyses
SPSS software (version 16.0) was used for statistical analyses. A logarithmic transformation was applied to insulin, to normalize the distribution of the data. Presence of MetS was defined following the National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATPIII) guidelines [1] . Data were presented as means AE SD for continuous variables and as frequencies or percentages for categorical variables. Differences in mean values were assessed by using analysis of variance. Categorical variables were compared by using the Pearson chi-square or the Fisher's exact tests. Potential confounding factors included age, sex, BMI, field center (MN vs UT), physical activity, smoking habit (current vs never and past smokers), alcohol consumption (current vs never and past drinkers), prior CHD, medications (treatment for hypertension, hypercholesterolemia, and diabetes), self-reported use of hormone therapy by women, and family relationships. A multivariate adjusted logistic regression model was used to assess the prevalence of risk of MetS across genetic variants. Potential interactions between polymorphisms in determining lipids and lipoprotein subfractions were tested using analysis of variance. Two-sided P values < 0.05 were considered statistically significant.
Results
Main characteristics of GOLDN participants are shown in Table 1 . Average weight and waist circumference were higher in men than women; however, BMI did not differ by sex. BP, glucose, LDL-cholesterol (LDL-C), and TG values were higher in men whereas HDL-C concentrations were higher in women. Given that subjects from the Minnesota field center were older (51 vs 47 years; P < 0.001), more likely to drink alcohol (82 vs 17%, P < 0.001) and smoke cigarettes (14 vs 2%, P < 0.001), and displayed higher LDL-C (3.27 vs 3.09 mmol/L; P Z 0.001), TG (mmol/L) (1.4 vs 1.1; P < 0.001), and HDL-C concentrations (1.3 vs 1.2 mmol/L; P < 0.001) than those in UT, all the analyses were adjusted for field center. Genotype frequencies were consistent with HardyeWeinberg equilibrium (P > 0.05) and no significant differences in genotype frequencies were observed between men and women (P > 0.05) ( Table 1) . C allele carriers at the rs11774572 SNP displayed higher risk of MetS (OR 1.60, 95% CI 1.08e2.37; P Z 0.020), mainly driven by the association of the minor C allele with lower HDL-C levels (P Z 0.043), and higher TG values (P Z 0.049) than TT homozygotes. Likewise insulin values were higher in C allele carriers compared with TT subjects (P Z 0.040). Although differences were marginally significant (P Z 0.074), C allele carriers also displayed higher systolic BP than TT subjects. Further adjustment for the CETP-TaqIB polymorphism strengthened the associations between rs11774572 and HDL-C (P Z 0.021), and insulin (P Z 0.039) concentrations, but these differences were weakened for TG (P Z 0.054) and were no longer significant for systolic BP (P Z 0.067) ( Table 2) .
Minor A allele carriers of SNP rs7819412 displayed lower values of systolic and diastolic BP than GG homozygotes (115 vs 118 mmHg; P Z 0.015 and 68 vs 70 mmHg; P Z 0.013, respectively) (Supplemental Table 1 ). However, these differences did not manifest as lower MetS risk (OR 1.13, 95% CI 0.77e1.67; P > 0.05) (data not shown). For the rs6995374 SNP, we did not observe any significant association with lipid concentrations or other components of MetS (Supplemental Table 2 ). B2 allele carriers at the CETP gene displayed higher total cholesterol, LDL-C and HDL-C concentrations than B1/B1 homozygotes (P values ranging from 0.001 to 0.005) ( Table 3) . A marginally significant association between the CETP-TaqIB polymorphism and risk of MetS was found, in which B2 allele carriers had lower risk of MetS than B1/B1 homozygotes (OR 0.76, 95% CI 0.53e1.08; P Z 0.123) (data not shown).
Given that rs11774572 and CETP-TaqIB were the only SNPs related to lipid values and risk of MetS, results for these SNPs were examined in more detail. Because of the low genotype frequencies of homozygotes for the minor alleles, we analyzed all SNPs using two genotype categories using the dominant model to maximize the statistical power.
Regarding lipoprotein concentrations and particle size, carriers of the C allele at the rs11774572 polymorphism displayed higher concentrations of small LDL subfractions, and medium VLDL-TG than TT homozygotes (P values ranging from 0.001 to 0.031) whereas increased particle size for HDL and LDL were found in TT subjects compared to C allele carriers (P Z 0.034, and P Z 0.019, respectively) ( Table 4) . Further adjustment for the CETP-TaqIB polymorphism strengthened some of the observed associations (Table 4) . When the effect of the CETP-TaqIB SNP was analyzed alone, B2 allele carriers displayed increased particle size for HDL and LDL, higher number of large HDL particles, and lower very small LDL concentrations than B1/B1 homozygotes (P values ranging from <0.001 to 0.040) ( Table 3) .
A significant interaction between both polymorphisms was found in determining HDL-C levels (P Z 0.006), in which TT homozygotes displayed higher HDL-C levels only if they were B2 allele carriers at the CETP gene (P < 0.001); whereas no significant differences in both lipid values were obtained within the B1/B1 genotype (P > 0.4) (Figure 1 ). No significant interactions between both SNPs were found for TG concentrations (P > 0.3) and other MetS components (P > 0.5) (data not shown). Regarding lipoprotein particle size, a significant interaction between both polymorphisms was observed for HDL and LDL particle sizes (P Z 0.008, and P Z 0.009, respectively) in which TT subjects displayed increased size for both particles compared to C allele carriers, only in the B2 allele carriers at the CETP gene (P < 0.001 for both). Likewise, a significant association between both polymorphisms was found for small LDL and medium VLDL-TG concentrations (P values 0.004 and 0.021, respectively) in which C allele carriers displayed higher concentrations of those particles compared to TT homozygotes, only in the B2 allele carriers at the CETP gene (data not shown).
Discussion
In the current study, rs11774572 polymorphism was significantly associated with risk of MetS, mainly driven by the association of the minor C allele with lower HDL-C concentrations and higher TG, and insulin concentrations than TT subjects. At the same time, CETP-TaqIB polymorphism was associated with total cholesterol, LDL-C, and HDL-C concentrations. Interestingly, a significant interaction between polymorphisms rs11774572 and CETP-TaqIB was found for HDL-C levels, and variations in HDL, LDL, and VLDL-TG lipoprotein subfractions, supporting the hypothesis that both polymorphisms may be involved in a related metabolic pathway.
The present study demonstrates for the first time an association between the novel rs11774572 polymorphism and the risk of MetS, in which C allele carriers displayed lower HDL-C and higher TG concentrations compared with TT subjects. Moreover, higher insulin concentrations were also observed in C allele carriers, underlying the association of this polymorphism with insulin resistance. Importantly, further adjustment for the CETP_TaqIB SNP strengthened the association of rs11774572 SNP with HDL-C concentrations, supporting the hypothesis that the effect of this SNP on HDL-C depends on the CETP polymorphism.
In agreement with prior results [12] , we observed a trend towards an increased risk of MetS in B1/B1 homozygotes at the CETP gene, mainly driven by the association of the B1/B1 genotype with lower HDL-C concentrations. In addition to the well-documented association between CETP-TaqIB polymorphism and HDL-C concentrations Table 4 Association between rs11774572 polymorphism and lipoprotein concentrations and particle size. Values are mean AE SE. a Sample size of 996 for particle size (n Z 674 and 322 for B2 carriers and B1/B1, respectively).
b P values were adjusted for age, gender, BMI, field center, physical activity, smoking habit, alcohol consumption, CHD, prior medications, hormone treatment, and family relationships. [13e17], we found a significant association between this polymorphism and LDL-C concentrations, as well as LDL composition and size. In this regard, B2 allele carriers displayed higher LDL-C concentrations, smaller LDL particle sizes, and lower very small LDL concentrations compared to B1/B1 homozygotes. Although no significant associations between CETP genetic variation and LDL-C concentrations have been reported [15] , other authors reported a trend towards lower LDL-C concentrations [17] and an increased LDL particle size in men [15] among B2 allele carriers. Likewise, no significant differences in TG concentrations have been reported previously across CETP-TaqIB genotypes [13,15e17] .
We also examined the associations between rs11774572 polymorphism and lipoprotein subfractions. We found lower concentrations of anti-atherogenic particles (large HDL) and higher concentrations of atherogenic cholesterol-rich (small LDL, and medium small LDL), and TG (medium VLDL-TG) remnant particles in C allele carriers compared with TT subjects. Overall, these findings suggest that rs11774572 SNP is in linkage disequilibrium with a locus that plays a potential role in neutral lipid exchange, as well as in RCT.
A significant interaction between rs11774572 and CETPTaqIB was observed in which TT homozygous displayed higher HDL-C concentrations, an increased particle size for HDL and LDL, and lower small LDL subfractions and medium VLDL-TG concentrations than C allele carriers, only if they were B2 allele carriers at the CETP gene. To our knowledge, such an interaction has not previously been reported. Because of this interaction, it is reasonable to hypothesize that the locus associated with rs11774572 polymorphism may be involved in the same metabolic pathway as CETP. Additionally, the B2 allele carriers in the CETP-TaqIB polymorphism are associated with lower CETP activity, and higher HDL-C levels compared to B1 allele carriers [13e15] . Therefore, the low HDL-C concentrations observed in C allele carriers despite carrying the B2 allele at the CETP gene, suggest that rs11774572 polymorphism may inhibit the effect of the CETP gene in this subgroup of subjects. However, the mechanism by which the intergenic rs11774572 SNP interacts with CETP-TaqIB polymorphism remains unknown. Given its location between two genes, the likelihood that this SNP represents a functional mutation is low. GATA4 and retinitis pigmentosa 1 (RP1) are the two genes located 114953 bp and z900 kbp from the rs11774572 polymorphism, respectively. Importantly, the pivotal role of both genes in cholesterol metabolism, may explain our findings. In this regard, GATA4 encodes a transcription factor that regulates expression of the ATPbinding cassette sterol transporters (ABCG5 and ABCG8), which mediate the efflux of cholesterol and plant sterols from enterocytes back into the intestinal lumen and their excretion into the bile, thus limiting their accumulation in the body and promoting RCT [22] . RP1 genetic variation modifies the lipoprotein phenotype of plasma TG and HDL-C concentrations [23] . The most plausible explanation is that rs11774572 polymorphism may be in linkage disequilibrium with a yet undiscovered functional mutation in the regulatory region of either GATA4 or RP1 genes.
Despite the evidence, we should be cautious in the interpretation of our data. Moreover, extension of research efforts to other ethnic populations with increased MetS risk is clearly warranted. Importantly, we have to consider the increased levels of population differentiation among specific genetic variations, as a result of positive selection in humans [24] . In this regard, according to the HapMap data for rs11774572 polymorphism, carriers of the C allele have derived-allele frequencies of 58% in European, 28% in sub-Saharan African and 1% and 3% in Japanese and Chinese populations, respectively. Moreover, studying populations such as the European, in which the allele is still segregating, may provide clues to its biological significance. These results open multiple avenues for future research, as they may facilitate genetic explorations of medical conditions, such as MetS, in new loci in which disease prevalence depends in part on ethnic background.
In conclusion, the present study carried out in a North American population supports the hypothesis that rs11774572 polymorphism plays a significant role in the risk of MetS, mainly driven by the association of the C allele with lower HDL-C, higher TG concentrations and insulin resistance. Moreover, the significant interaction between the polymorphisms rs11774572 and CETP-TaqIB for HDL-C concentrations and particle subfractions supports that the idea that the new locus linked to this SNP may be metabolically related to the pathways involving CETP.
